Quaternary climatic oscillations caused severe range expansions and retractions of European biota. During the cold phases, most species shifted to lower latitudes and altitudes, and expanded their distribution range northwards and to higher elevations during the warmer interglacial phases. These range shifts produced contrasting distribution dynamics, forming geographically restricted distribution patterns but also panmictic distributions, strongly dependent on the ecologic demands of the species. The two closely related butterfly species Erebia ottomana Herrich-Schäffer, 1847 and Erebia cassioides (Reiner & Hohenwarth, 1792) show subalpine and alpine distribution settings, respectively. Erebia ottomana is found up to the treeline (1400-2400 m a.s.l.), whereas E. cassioides reaches much higher elevations (from about 1800 m a.s.l. in the Retezat Mountains, in Romania, to 2800 m a.s.l.). Thus, both species cover diverging climatic niches, and thus might also have been distributed differently during the cold glacial stages. Individuals of these two species were sampled over the mountain areas of the Balkan Peninsula and genetically analysed using allozyme electrophoresis. Additionally, we performed species distribution models (SDMs) to simulate the distribution patterns of both species in the past (i.e. during the Last Glacial Maximum and the Atlanticum). Our genetic data show contrasting structures, with comparatively low genetic differentiation but high genetic diversity found in E. ottomana, and with stronger genetic differentiation and a lower level of genetic diversity, including many endemic alleles, occurring restricted to single mountain massifs in E. cassioides. The SDMs support a downhill shift during glacial periods, especially for E. ottomana, with possible interconnection among mountain regions. We conclude that during the cold glacial phases, both species are assumed to shift downhill, but persisted at different elevations, with E. ottomana reaching the foothills and spreading over major parts of the Balkan Peninsula. In contrast, E. cassioides (the truly alpine species) survived in the foothills, but did not reach and spread over lowland areas. This more widespread distribution at the Balkan Peninsula of E. ottomana compared with E. cassioides is strongly supported by our distribution models. As a consequence, long-term geographic restriction to distinct mountain massifs in E. cassioides versus panmixia in E. ottomana produced two contrasting evolutionary scenarios.
INTRODUCTION
Strong climatic fluctuations during the Quaternary caused severe range retractions and expansions of the distributions of species over large parts of North America and Europe (Hewitt, 1996 (Hewitt, , 2004 . Whereas the glacial phases covered comparatively long periods of time (> 100 000 years), the interglacial stages had much shorter durations (10 000-26 000 years). Therefore, the past glacial distribution patterns are of high relevance for inter-and intraspecific evolution, with the resulting differentiation still being detectable today (Schmitt, 2007) . Thermophilic species became extinct over major parts of Central Europe and survived in distinct glacial refugia, mostly located on the Mediterranean peninsulas (de Lattin, 1949) , whereas cold-adapted species expanded over major parts of Central Europe (Holdhaus, 1954) or survived in the foothills of the high mountain systems, such as the Pyrenees, Alps, Carpathians, and the Balkan Mountains (Varga, 1975 (Varga, , 1996 (Varga, , 2003 Schmitt, 2009 ). These range shifts, and especially the distribution patterns, during the past glacial periods are still reflected in genetic structures (Schmitt, 2009) .
Whereas genetic signatures from past range modifications have been intensively analysed for a large number of warm-adapted species, relatively little is known about the intraspecific evolution of European cold-adapted species. Furthermore, cold-adapted species include ecologically and biogeographically rather different groups: montane, boreo-montane, subalpine disjunct, alpine disjunct, arctic-alpine, and others (reviewed in Varga & Schmitt, 2008) . Over the last few years a large volume of data has been accumulated for cold-adapted species (reviewed in Schönswetter et al., 2005; Schmitt, 2009) , and several paradigmatic patterns have been detected. Hereby, much of the variety in the patterns has been demonstrated as being even more diverse than in typical Mediterranean elements.
Particularly well studied are the phylogeographic structures found in the Alps (Schönswetter et al., 2005) , but such structures in the Pyrenees and Carpathians are also already mostly understood (Schmitt, 2009) . Large deficits are still evident for the high mountain systems of the Balkan Peninsula, which has the highest diversity of smaller and larger high mountain systems (e.g. the Korab-Shar or RilaPirin massifs), and maybe the most fine-grained biogeographic structure of mountain elements, with variable connections to the other mountain regions of Europe, in particular to the south-eastern Alps and southern Carpathians (Varga, 1975) . The high mountain systems of the Balkan Peninsula therefore represent a natural 'laboratory' to foster our understanding of evolutionary processes in mountain species. Because of the high species diversity and the co-occurrence of closely related species (Tolman & Lewington, 1997; Tshikolovets, 2011) , which in some cases might even mutually exclude their syntopic occurrence as a consequence of interspecific competition, the Balkan high mountain systems are particularly useful for understanding the evolution of distribution patterns, and associated phylogeographic structures.
In this study we analyse the genetic signature of two contrasting distribution settings: subalpine disjunctions versus alpine disjunctions. For our study species we selected two taxonomically closely related butterfly species with superficially similar recent distribution ranges in the Balkan high mountain systems, but with differences in their climatic niches and with different ecological demands: the Brassy Ringlet Erebia ottomana Herrich-Schäffer, 1847 is a subalpine species and can be found up to the treeline (1400-2400 m a.s.l.), connected to tall grass vegetation (e.g. Festucetum paniculatae in the Rila and Pirin mountains); in contrast, the Common Brassy Ringlet Erebia cassioides (Reiner & Hohenwarth, 1792) represents a typical alpine distribution (1800-2600 m a.s.l., but in the Balkan Peninsula 2200-2800 m a.s.l.), and prefers patchy short turf and gravel. The niche realised by E. cassioides is more specialized in the Balkan high mountain system than in other mountain regions (Varga & Varga-Sipos, 2002) , where the species subdivides habitats with E. ottomana in areas of co-occurrence. The narrower ecological niche of E. cassioides in the Balkan high mountain systems might be (but not necessarily) explained by interspecific competition, perhaps resulting in the difference in the considerably higher down-slope distribution edge in the Balkans (about 2200 m a.s.l.). This species can be rarely found at relatively low elevations (such as 1400 m a.s.l., in the south-western Carpathians) without the presence of E. ottomana. This provides the unique possibility to study the phylogeography of these two closely related species and the evolutionary differences of their intraspecific genetic patterns.
Both species have to escape to lower elevations during cold phases, and should have re-colonized higher elevations in the wake of postglacial warming; however, the difference in their climatic niche most probably resulted in two contrasting distribution modifications. Both species shifted downhill during the glacial phases, but E. ottomana should have shifted to lower altitudes than E. cassioides. We argue that the cooling during the Last Glacial Maximum (Quante, 2010) (Denis & Schiffermüller, 1775) . Furthermore, the warm conditions of the postglacial climate optimum during the Atlanticum also might have impacted the genetic structures of these two species, most probably more severely in E. cassioides than in E. ottomana. These aspects are addressed by applying population genetic studies embracing a large part of the Balkan distributions of both species and species distribution modelling best suited to estimate the potential distribution patterns of the species during the Last Glacial Maximum and the postglacial climatic optimum. Both approaches are combined to uncover the biogeographic and evolutionary history of these closely related, potentially competing, high mountain butterfly species.
MATERIAL AND METHODS

STUDY SPECIES
The Common Brassy Ringlet E. cassioides is distributed over the Balkan Mountains, the eastern and western Alps, the Apennines, the French Massif Central, the Pyrenees, and the Cantabrian Mountains (Tolman & Lewington, 1997) . Note that the populations from the western part of the range are often seen as a different species: Erebia arvernensis Oberthür, 1908. The species occurs from 1400 m a.s.l. in the south-western Carpathians to 2600 m a.s.l. in high mountain short-turf grasslands with stony slopes and screes (Tshikolovets, 2011 ), but only above 2200 m a.s.l. in the Balkan high mountain systems (T.S., L.R., and Z.V., pers. observ.). Thus, the species can be characterized as a pure alpine element here. The Ottoman Brassy Ringlet E. ottomana occurs in different habitat types and at lower altitudes (1400-2400 m a.s.l.), preferring tall-grass meadows, and thus can be classified as a typical subalpine butterfly species. Both species are on the wing from June to August in a single generation; however, the flight period of E. ottomana is about 2 weeks earlier than that of E. cassiodes.
MOLECULAR ANALYSES
We sampled 501 individuals of E. ottomana from 13 populations at the following mountain massifs: Tymfi, Gramos, Jakupica, Ossogovo, Pirin, Rila, Rhodopes, Stara Planina, and Massif Central. Sampling sizes ranged from 27 to 40 individuals, with a mean of 38.5 individuals per population. Erebia cassioides was collected over the same geographic range at the following mountain massifs: Retezat, Stara Planina, Rila, Pirin, and Shar Planina. In total, we sampled 167 individuals, with sampling sizes ranging from seven to 40 individuals, and with a mean sampling size of 28 individuals per population. Individuals were netted in the field during summer 2004-2012, frozen alive in liquid nitrogen, and stored at −80°C until further analyses. The sampling design is shown in Figure 1 ; further details on each sampled population are given in Table 1 .
Standard procedures of sample preparation and allozyme electrophoresis were performed as described in detail in Richardson, Baverstock & Adams (1986) and Hebert & Beaton (1993) . We analysed the following enzyme systems and loci, identical for both species: IDH1, IDH2, MDH1, MDH2, 6PGDH, G6PDH, PGI, PGM, PEP LGG, AAT1, AAT2, GPDH, FUM, ME, MPI, PK, and GAPDH. Conditions for electophoretic analyses were taken from Schmitt, Hewitt & Müller (2006) .
We calculated the following parameters of genetic diversity: allelic richness, AR (on the basis of the lowest number of sampled individuals, here 27 individuals for E. ottomana and seven for E. cassioides) and the mean number of alleles A using the programme FSTAT 2.9.3.2 (Goudet, 1995) . The percentage of the total number of polymorphic loci, P tot, and the percentage of polymorphic loci with the most common allele not exceeding 95%, P95, were calculated with the programme GSTAT 3.0 (Siegismund, 1993) . Observed heterozygostiy (Ho) and expected heterozygostiy (He) were calculated with ARLEQUIN 3.1 (Excoffier, Laval & Schneider, 2005) . Tests on HardyWeinberg equilibrium, linkage disequilibrium, as well as non-hierarchical and hierarchical genetic variance analyses were calculated with the same programme.
A neighbour-joining phenogram was constructed including both taxa, based on Nei's (1972) distances, with the programme PHYLIP 3.5.c. (Felsenstein, 1993) . Node support was assessed by means of 1000 bootstrap replicates. STRUCTURE (Pritchard, Stephens & Donnelly, 2000) was used to infer the most probable number of genetic clusters without a priori definition of populations, separately for each of the species, with ten repetitions for each cluster (from K = 1 to K = 13 for E. ottomana, and from K = 1 to K = 6 for E. cassioides). The repetitions were run to calculate means and standard deviations. For each run, the burn-in and simulation length was 150 000 and 500 000 steps, respectively. As the log probability EVOLUTIONARY EFFECTS OF RANGE DYNAMICS 571 values for the different K values have been shown to be of little reliability in some cases, we calculated the more refined ad hoc statistic ΔK based on the rate of change in the log probability of data between successive K values (Evanno, Regnaut & Goudet, 2005) . This has been shown to better unveil the correct number of genetic clusters and to infer the real number of groups. Furthermore, we plotted the marginal likelihood values against the ΔK values obtained. Results are shown in Appendix S2. We used BAYESASS 1.3 to test for potential migration rates among mountain populations within each of the two species (Wilson & Rannala, 2003) . This programme relies on multilocus genotypes and a Markov Chain Monte Carlo (MCMC) algorithm to estimate proportions of non-migrants and the source of migrants for each sampling site (Wilson & Rannala, 2003) . We performed runs of the algorithm for 9 × 10 6 iterations with 3 × 10 6 iterations discarded as burn-in. Delta values of M = 0.30, P = 0.15, and F = 0.15 yielded an average number of changes in the accepted range.
SPECIES DISTRIBUTION MODELLING (SDM)
Species records of both E. cassioides and E. ottomana were compiled from our own fieldwork (i.e. field trips with own records of both species, S.A., D.L., L.R., T.S., and Z.V.) and the global biodiversity information facility (GBIF), resulting in 78 and 15 records, respectively. Species records exceeding the known altitudinal range of E. cassioides (1400-2800 m a.s.l.) and E. ottomana (1400-2400 m a.s.l.) were omitted. We performed species distribution models to simulate the distribution patterns of both species in the past (i.e. during the Last Glacial Maximum and the Atlanticum, the climate optimum of the postglacial period).
As environmental predictors, we compiled a set of 19 bioclimatic variables with a spatial resolution of 2.5 arcminutes available from http://www.worldclim .org (Hijmans et al., 2005) . Intercorrelation structure among predictors throughout the study area was assessed by computing pairwise squared Spearman rank correlation coefficients, and in those cases where R 2 exceeded 0.75, only the putatively biologically most important variable was retained. The final set of predictors comprised: the maximum temperature of the warmest month (BIO5); the minimum temperature of the coldest month (BIO6); the annual temperature range (BIO7); the mean temperature of the wettest quarter (BIO8); the mean temperature of the driest quarter (BIO9); the mean temperature of warmest quarter (BIO10); annual precipitation (BIO12); precipitation of the wettest month (BIO13); precipitation of the driest month (BIO14); precipitation of the warmest quarter (BIO18); and precipitation of the coldest quarter (BIO19).
For past climates, we obtained spatially downscaled predictions (i.e. of high resolution) of the same variables of two global circulation models: the Community Climate System Model (CCSM; Otto-Bliesner et al., 2006) and the Model for Interdisciplinary Research on Climate (MIROC; Hasumi & Emori, 2004) , which are both available through http:// pmip2.lsce.ipsl.fr/ (Braconnot et al., 2007) for the time slices 6000 years ago (i.e. the Atlanticum) and 21 000 years ago (i.e. the Last Glacial Maximum, LGM). The down-scaled data sets representing environmental conditions as expected during the LGM were obtained from the worldclim homepage, wherein the scenarios for 6000 years ago were obtained from the PMIP2 homepage and spatially down-scaled to 2.5 arcminutes using the delta method proposed by Peterson & Nyari (2007) .
For SDM computation, we applied an ensemble modelling approach by combining the predictions of six different algorithms (GLM, generalized linear models; GBM, generalized boosting models; GAM, generalized additive models; MARS, multivariate adaptive regression splines; ANN, artificial neural networks; Maxent), as implemented in the biomod2 package (Thuiller, Georges & Engler, 2013) for Cran R 3.0.1 (R Development Core Team, 2013). We randomly selected three times 1000 records within a circular buffer of 100 km, enclosing the species records as pseudo absences. For model evaluation we divided up the species records, using 80% to train the models and 20% for model evaluation on three different performance criteria [area under the receiver operating characteristic curve, AUC (Swets, 1988) , and true skills statistics, TSS, and Cohen's κ (Allouche, Tsoar & Kadmon, 2006) ]. As a quality threshold for the final ensemble, we selected only models with an AUC score > 0.7. The final ensemble was built using a proportional weighting of the models according to their predictive performance. As a presence/absence threshold, we selected the minimum training presence as the non-fixed threshold recommended by Liu et al. (2005) . When projecting the ensemble across space and time, non-analogous climatic conditions exceeding the training range of the models were quantified, wherein the numbers of predictors exceeding the training conditions are highlighted.
RESULTS
MOLECULAR GENETIC DATA
The parameters of genetic diversity of the subalpine species E. ottomana were average for Erebia species (cf. Louy et al., 2014) : A = 1.75 (± 0.25 SD); AR = 1.65 EVOLUTIONARY EFFECTS OF RANGE DYNAMICS 573 (± 0.22 SD); He = 0.100 (± 0.041 SD); Ho = 0.100 (± 0.035 SD); Ptot = 56.6% (± 14.1% SD); P95 = 33.9% (± 15.6% SD). The alpine species E. cassioides showed lower values of genetic diversity: A = 1.66 (± 0.15 SD); AR = 1.33 (± 0.12 SD); He = 0.107 (± 0.028 SD); Ho = 0.097 (± 0.021 SD); Ptot = 42.6% (± 16.9% SD); P95 = 29.9% (± 12.0% SD). Mann-Whitney U-tests revealed significant differences between both species for the mean number of alleles, allelic richness, percentage of total polymorphic loci, and percentage of polymorphic loci applying the 95% criterion (P < 0.05, calculations were calculated population-based), but not for expected and observed heterozygosity. Populationbased values are given in Table 2 . Private alleles occurring exclusively on single mountain massifs were found in both of the species analysed. Values obtained for specific mountain ranges are given in Table 2 . Allele frequencies for each locus and population are given in Appendix S1.
The genetic variance found among all populations analysed within the subalpine species E. ottomana An additional analysis of molecular variance distinguishing between and within species levels indicated a strong split between both species, with a genetic variance of 1.4060 (F CT = 0.5702, SD = 0.0199, P < 0.0001) found between both taxa, and a molecular variance of 0.2219 (FSC = 0.2095, SD = 0.0087, P < 0.0001) located among populations within these two groups; the genetic variance found among individuals within populations was 0.0545 (FIS = 0.0651, SD = 0.0044, P < 0.01) and the genetic variance within individuals was 0.7833.
These differentiations are in congruence with the results obtained from migration rate estimates. We detected low gene flow rates among local mountain populations in the alpine species E. cassioides, with migration from population D to E within one mountain range (Pirin) only, and between mountains from F (Shar Planina) to B (Stara Planina). In contrast, the subalpine species E. ottomana shows rather high rates of gene flow, i.e. migration rates, also among different and far distant mountain ranges, as found from population 1 to 5, from population 6 and 2 to 1 and 3, and from population 4 to 7; the single withinmountain migration in this species could be detected from population 10 to populations 8 and 9 (within Rila; Table 3 ).
A population-based neighbour-joining phenogram supports the results obtained from variance analyses, indicating a strong genetic split between the two species, with stronger intraspecific structuring within E. cassioides, but low genetic differentiation among E. ottomana populations (Fig. 2) .
Individual-based STRUCTURE analyses clustered the 13 E. ottomana populations into the following groups, well supported by high log probability values, i.e. high ΔK values, for K = 3: Tymfi (GR) and Ossogovo (BG); Jakupica (MK), Pirin (BG), and Rila (BG); Stara Planina (BG), the French Massif Central (F), and, less clearly, the Rhodopes (BG). The population from the Gramos (GR) had a mixture of groups 1 and 3. For K = 6, we obtained the following groups: Tymfi (GR); Gramos (GR); Jakupica (MK) and Pirin (BG); Ossogovo (BG); Rila (BG), Rhodopes, and Stara Planina (BG); as well as the French Massif Central (F) (see Fig. 3) . In E. cassioides, we obtained the highest ΔK values for K = 4 with the following groups: Retezat, Rila, Pirin (D and E), as well as Stara Planina and Shar Planina (Fig. 3) . All ΔK values are listed in Table 4 .
SPECIES DISTRIBUTION MODELLING
Generally, the ensemble models depicted the potential distributions of both species very well (Fig. 4) , wherein the model developed for E. ottomana showed a slightly superior performance in terms of AUC (0.998), TSS (0.955), and κ (0.173), compared with the model for E. cassioides (AUC 0.975; TSS 0.845; κ 0.5). BIO10 was the variable with the largest contribution to the final ensemble developed for E. ottomana (19%), followed by BIO6 (10%), BIO5, BIO9, BIO13, and BIO18 (each 9%), BIO7 and BIO19 (each 8%), BIO12 (7%), BIO14 (6%), and BIO8 (5%). With a contribution of 27%, BIO10 also had the strongest impact on the ensemble developed for E. cassioides, followed by BIO5 (11%), BIO12 (9%), BIO6, BIO7, BIO9, BIO13, and BIO18 (each 7%), BIO14 and BIO19 (each 6%), and BIO8 (5%). The models for past distributions assume reduction during the warm Atlanticum period, some 6000 years ago, but relatively large distributions during the LGM (Fig. 4) .
DISCUSSION
The two ringlet species E. ottomana and E. cassioides show quite different genetic patterns in the Balkan Peninsula. Although the genetic differentiation among EVOLUTIONARY EFFECTS OF RANGE DYNAMICS 575 
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Results of five independent runs of a non-equilibrium Bayesian assessment of migration proportion by population, calculated with BAYESASS (Wilson & Rannala, 2003 Elwes, 1900 , Louy et al., 2013 , the level of differentiation among the Balkan populations of E. cassioides reaches a much higher level, only achieved by mountain butterfly species or species groups with high genetic differentiation among regional groups [e.g. Erebia epiphron (Knoch, 1783), Schmitt et al., 2006 ; Erebia melampus-sudetica group, Haubrich & Schmitt, 2007 ; Coenonympha arcaniagardetta-darwiniana-macromma group, Schmitt & Besold, 2010] , and even higher than in some other sister species groups of butterflies (e.g. Schmitt, Varga & Seitz, 2005; Habel et al., 2011) . For the genetic diversity of populations, we also obtained a notable difference. Although both species did not reach the high values of widely distributed and common butterfly species (e.g. Besold, Huck & Schmitt, 2008a; Besold et al., 2008b; Habel, Dieker & Schmitt, 2009; de Keyser et al., 2012) , E. ottomana shows population genetic diversities typical for species with intermediate rarity (e.g. Schmitt & Seitz, 2001) , whereas E. cassioides resembles more the values of rare and rather localized species (Debinski, 1994; Britten et al., 1995; Gadeberg & Boomsma, 1997; Figurny-Puchalska, Gadeberg & Boomsma, 2000; Schmitt & Seitz, 2004) .
POPULATION CENSUS SIZES DURING WARM STAGE CONDITIONS AND THEIR INFLUENCE ON GENETIC DIVERSITY
As mentioned above, the specialization of E. cassioides to stony short-grassed habitats at the alpine level restricts this species to a much smaller area in the Balkan Peninsula than E. ottomana, which performs best in different types of mountain grasslands at the subalpine level (cf. Tshikolovets, 2011) . Although population densities of E. cassioides can be high (at their flight places, even almost as high as those of E. ottomana), the generally lower availability of space might be responsible for stronger long-term genetic erosion in this species. Such erosion processes might have been most severe during the warmest phases of interglacial and postglacial periods, e.g. the climate optimum of the postglacial during the Atlanticum (cf. Quante, 2010) , when habitat availability for E. cassioides was even more reduced compared with today, as demonstrated by niche models (Fig. 4) . According to molecular results based on mtDNA sequences (Albre, Gers & Legal, 2008) , this genetic bottleneck in E. cassioides should not be older Figure 2 . Neighbour-joining tree calculated in PHYLIP 3.5.c. (Felsenstein, 1993) , based on Nei (1972) genetic distances for all Erebia ottomana and Erebia cassioides populations analysed. Bootstrap values calculated with 1000 permutations are given for values exceeding 50% probability.
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than the climatic optimum of the Eem interglacial. This assumption is supported by palaeoecological data indicating that the timberline of the Eem and the Atlanticum climatic optima were higher than today (cf. Kaspar & Cubasch, 2003; Kaspar et al., 2005) . This habitat reduction should also have affected the distribution of E. ottomana, but by far not as severely as in the case of E. cassioides.
The hypothesis of an influence of interspecific competition of E. ottomana on the genetic pattern of E. cassioides gets some support from the E. cassioides population of the Retezat Mountains in the southwestern Carpathians. Here, E. cassioides shows a much broader vertical distribution, reaching as far down as 1400 m a.s.l., thus thriving with high population densities in habitats strictly reserved for E. ottomana in the Balkan mountain systems. Interestingly, the Retezat population is the only one not co-occurring with E. ottomana in the same mountain range. This pattern might therefore be the result of competitive release, but local adaptation might be an alternative explanation of this regional phenomenon. For whatever reason, as a result of this broader vertical distribution, the population sizes of E. cassioides in the Retezat Mountains have never dropped to such low levels as have been found in the Balkan Mountains, even during climatic conditions that were warmer than today, and have thus enabled the preservation of higher genetic diversity in this region, on average being even higher than is found in (A) (B) Figure 3 . Bayesian structure analysis of Erebia ottomana (A) and Erebia cassioides (B), calculated separately for each species with STRUCTURE 3.1 (Pritchard et al., 2000) . The results supported by highest ΔK values are K = 3 and K = 6 for E. ottomana, and K = 4 for E. cassioides, respectively (ΔK values are given in Table 4 ).
E. ottomana. Therefore, it might be that E. ottomana is the more generalistic species under prevailing subalpine conditions, and thus may be a stronger competitor than E. cassioides. This competition, if real, might restrict E. cassioides to relatively small areas at the alpine level when co-occurring with E. ottomana.
VERTICAL AND HORIZONTAL DISTRIBUTION DURING COLD STAGES, AND THEIR INFLUENCES ON GENETIC
DIFFERENTIATION
As in many other mountain species, the vertical distribution of E. cassioides and E. ottomana should have shifted downhill remarkably during glacial stages (cf. Schmitt, 2009) . Considering a cooling of up to 8°C during the coldest periods of the last ice age, compared with pre-industrial values (Quante, 2010) , and assuming a 0.6°C temperature decrease per 100 m, the down-slope shift of both species during the past glacial period might have been as much as 1300 m (Fig. 5 ). Assuming such a vertical shift should be enough for E. ottomana to reach the deepest valleys of the Balkan Peninsula.
This assumption is clearly supported by our SDMs, which strongly underpin such a relatively broad distribution for the LGM. During some stages of the last ice age, this distribution even might therefore have been continuous, as suggested for the Satyrid mountain butterfly C. rhodopensis, based on genetic data (Louy et al., 2013) . Thus, genetic structure and niche modelling both strongly support gene flow among different mountain regions, even crossing the central Balkan depression. The extant tall-grass habitats of E. ottomana (i.e. Festucetum paniculatae with Stipa sp., e.g. in Pirin) clearly exhibit a mountain steppe character. The large-scale down-slope expansion of such tall-grass steppic habitats in the Balkan Peninsula, even to regions as far as the central Balkan depression, before and possibly also during the LGM, might strongly have promoted the expansion of E. ottomana over major parts of the peninsula, but not for E. cassioides, which strongly avoids such tall-grass habitats.
As outlined above, the situation of E. cassioides necessarily has been completely different from that of E. ottomana: a lowering of the vertical distribution of this species by about 1300 m would have shifted the lower distribution edge down to about 900 m a.s.l., hence preventing gene flow among most of the mountain ranges of the Balkan Peninsula. This scenario is well supported by the genetic data mostly supporting mountain-specific gene pools for this species and SDMs assuming a considerably less widespread distribution of E. cassioides in the Balkan Peninsula during the last ice age than for E. ottomana. This more continuous isolation of E. cassioides in different mountain systems of the Balkan Peninsula might further be explained by possible interspecific competition with E. ottomana, which as an assumed stronger competitor might have prevented the synchronous spread of both species to the lower elevations of the Balkan Peninsula, and hence prevented the intermountain exchange of genes for E. cassioides (Fig. 5) . Albre et al. (2008) found that the genetic differentiation in the entire E. tyndarus species group (also comprising E. cassioides and E. ottomana) is rather young, with shallow genetic patterns. Therefore, one of the most interesting resulting problems might be the timing of the expansive and regressive phases before the LGM retreat and the resulting disjunctions, which might not have taken place synchronically in E. ottomana and E. cassioides. The last −1145.71 ± 6.27 -Ln (P) is the mean log-likelihood probability calculated by STRUCTURE. SD is the standard deviation calculated from ten independent runs. The ad hoc statistic ΔK is not applicable for K = 1 and the highest K value, and is not suitable for K = 2 (Hausdorf & Hennig, 2010) .
glaciation was about five times longer than the Eem interglacial, and it was not permanently very cold, but the cold peaks were separated by cool-temperate interstadials. Our data even provide some evidence for the hypothesis that interspecific interactions might have had some impact in shaping the distribution patterns of these two species, and thus their phylogeographic evolution. This hypothesis is further supported by the fact that the range of E. tyndarus in the Alps practically separated the ranges of E. arvernensis and E. cassioides s.s. EVOLUTIONARY EFFECTS OF RANGE DYNAMICS 581
